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Abstract:  Transbronchial needle aspiration (TBNA) is a procedure 
routinely performed to diagnose peripheral pulmonary lesions. 
However, TBNA is associated with a low diagnostic yield due to 
inappropriate needle placement. We have developed a flexible 
transbronchial optical frequency domain imaging (TB-OFDI) catheter 
that functions as a “smart needle” to confirm the needle placement 
within the target lesion prior to  biopsy. The TB-OFDI smart needle 
consists of a flexible and removable OFDI catheter (430 µm dia.) that 
operates within a standard 21-gauge TBNA needle. The OFDI imaging 
core is based on an angle polished ball lens design with a working 
distance of 160 µm from the catheter sheath and a spot size of 25 µm. 
To demonstrate the potential of the TB-OFDI smart needle for 
transbronchial imaging, an inflated excised swine lung was imaged 
through a standard bronchoscope. Cross-sectional and longitudinal 
OFDI results  reveal the detailed network of alveoli in the lung 
parenchyma suggesting that the TB-OFDI smart needle may be a useful 
tool for guiding biopsy acquisition to increase the diagnostic yield. 
© 2012 Optical Society of America 
OCIS codes: (170.4500) Optical coherence tomography; (170.4580) Optical diagnostics 
for medicine; (170.3890) Medical optics instrumentation; (170.3880) Medical and 
biological imaging; (170.2150) Endoscopic imaging; (060.2350) Fiber optics imaging. 
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1. Introduction 
Lung cancer is the leading cause of cancer related death [1–3]. It is well established that 
early detection and diagnosis greatly increases patient survival [4]. Macroscopic imaging 
techniques such as computed tomography (CT) are highly sensitive at detecting small, ≤ 
2cm, peripheral pulmonary lesions (PPLs) in the lung but they lack the specificity 
necessary for diagnosis. Diagnosis of malignancy must therefore be made by excisional 
biopsy, which may be accomplished by high-risk surgical approaches, percutaneous 
biopsy, or with low-risk approaches such as bronchoscopy with transbronchial needle 
aspiration (TBNA). Both endobronchial ultrasound (EBUS) guided and unguided TBNA 
are associated with unacceptably low diagnostic yields for small lesions and therefore 
higher-risk procedures are often preferentially performed [4]. We anticipate that a smart 
TBNA needle that provides confirmation of the needle placement within the lesion of 
interest prior to biopsy will result in an increase in the diagnostic yield. 
Optical frequency domain imaging (OFDI) is a high-speed second-generation optical 
coherence tomography (OCT) imaging modality that can be used to generate real-time 
cross-sectional images of tissue microstructure to depths approaching 3 mm [5,6]. Studies 
have shown that OCT may be a useful tool for differentiating preinvasive cancers of the 
bronchial mucosa [7–9], and may provide a useful method for assessing distal airway wall 
remodeling [10] as well as providing quantitative measurements of upper airway size and 
shape  [11]. Due to limitations in catheter designs, OCT/OFDI has been traditionally 
restricted to imaging of luminal organs, however the development of needle-based 
catheters promises to extend the utility of OCT beyond these boundaries. For minimally 
invasive  interstitial imaging of tissues and organs, small diameter rigid OCT needle 
probes have been developed [12–17]. In these designs the imaging optics, which typically 
consist of a ball-lens [13] or a fiber gradient-index (GRIN) lens [15–17] design, are 
housed within the stainless steel hypodermic needles. To enable circumferential scanning, 
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through 360°. Limitations to the design of these OCT needles include the inability to 
obtain tissue specimens for diagnosis through the same imaging needle, the 
incompatibility with standard endoscopy procedures, and due to the direct contact of the 
mechanically scanning needle with the tissue, unintentional tissue damage or tissue drag 
may occur distorting the images acquired. Recently, Wei-Cheng Kuo et al. demonstrated 
an OCT-guided core-needle biopsy system incorporating a vacuum-assisted rigid breast 
needle biopsy console, which was modified to accommodate the OCT imaging probe 
[18]. This work highlights the potential of OCT image guidance for biopsy site selection, 
but  at present is limited to rigid needle designs and therefore is not compatible with 
transbronchial procedures. 
We have developed a narrow diameter (0.43 mm) flexible  helical scanning OFDI 
imaging catheter that is compatible with standard 21-guage bronchoscopy TBNA needles 
(Olympus NA-2001SX). The helically scanning optical fiber imaging core is housed 
within a stationary 430 µm outer-diameter polyimide catheter sheath, and the entire 
flexible catheter operates within the TBNA needle to form the complete TB-OFDI smart 
needle. During imaging, only the optical fiber imaging core rotates while the catheter 
sheath remains stationary, thus reducing the risk of tissue damage. The TB-OFDI smart 
needle is designed to enable both OFDI imaging and subsequent specimen collection for 
diagnosis without removing or repositioning the TBNA needle. To test the usability and 
image quality of the TB-OFDI smart needle, we performed transbronchial imaging of an 
excised inflated swine lung. The lungs were inflated with air rather than saline to closely 
mimic in vivo conditions. Images of alveoli within the lung parenchyma were clearly 
visible. 
2. Materials and methods 
2.1. Flexible OFDI imaging catheter 
Figure 1(a) illustrates the schematic diagram for the distal-end of the TB-OFDI smart 
needle. The OFDI catheter insert consists of the imaging core housed inside a transparent 
polyimide sheath. The imaging core consists of an optical fiber imaging probe and a 
nitinol drive shaft. The catheter slides freely in the TBNA needle. 
Figure 1(b) shows a photograph of the side-polished ball-lens optics. The ball-lens 
was fabricated directly on the end of a 500 µm long coreless fiber via tungsten filament 
splicer (Vytran FFS-2000). The proximal end of the coreless fiber was spliced to a single 
mode fiber (SMF28). The curvature of the ball-lens, which affects the focal point and 
beam spot size, was controlled by the length of the melted coreless fiber. The ball-lens 
was designed to have a focal length of ~400 µm to ensure positioning of the focal plane 
outside of the catheter sheath and in the surrounding tissue. The designed sagittal and 
tangential radii of the ball-lens were 75 µm and 100 µm respectively. 
The ball-lens was polished at an angle of 36° resulting in total internal reflection of the 
incident beam necessary for the side-viewing catheter design. Rather than a 90 degree 
emission angle, the beam is emitted at an 81° forward viewing angle to reduce specular 
reflection that may arise from the catheter sheath and tissue interfaces. A 1.2 m long 
hollow nitinol driveshaft, with an outer diameter of 220 µm, was used to house and 
protect the imaging optics and to transmit the necessary mechanical torque for helical 
scanning. The entire optical core was then inserted into a catheter sheath. The sheath 
comprised two segments: over the majority of its length, the sheath material was 
polyimide with a polytetrafluoroethylene (PTFE) liner (393.7 µm outer diameter and 320 
µm inner diameter) to minimize friction; the distal 7 cm portion of the sheath was 
polyimide alone (430 µm outer diameter and 380 µm inner diameter) to optimize optical 
quality within the imaging segment (Fig. 1(c)). The two sheath portions were bonded 
together and the distal tip was sealed using 353NDT epoxy (Epotek) to both protect the 
patient from the mechanical scanning of the inner core and to ensure that the imaging 
optics do not get contaminated with bodily fluids. The proximal end of the imaging 
catheter was fitted with a custom rapid connect device to interface with the optical rotary 
junction and pullback tray of our existing clinical OFDI systems for volumetric imaging  
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Fig. 1. (a) Schematic diagram of the TB-OFDI distal end. (b) Photograph of the polished 
ball-lens optical core. (c) Photograph of the flexible OFDI catheter insert. The inner 
optical core, which is encased in a nitinol driveshaft, is located within the sealed, optically 
transparent polyimide sheath. 
[19]. Stiction will not be an issue, as the catheter sheath is encased within the needle, 
which provides the necessary external support. 
2.2. Modification of TBNA needle 
The OFDI catheter was designed to attach, via a luer lock fitting, to the proximal end of 
the TBNA needle (Olympus NA-201SX-4021) for imaging, Fig. 2(a). The catheter can be 
easily removed to facilitate tissue sampling. The TBNA needle used in this study was  
 
Fig. 2. (a) Original TBNA needle (top) and the modified TBNA needle (bottom) with a 
portion of the proximal assembly removed to increase the workable length. (b) Complete 
TB-OFDI smart needle with the OFDI catheter residing within the 21-gauge TBNA 
needle (inset). 
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very peripheral regions of the lung. To extend the reachability of the TBNA needle we 
removed a section of the handle that interfaces with the bronchoscope. Removal of this 
piece did not compromise the functionality of the TBNA needle. Figure 2(b) shows a 
photograph of the complete TB-ODFI smart needle. 
2.3. OFDI system 
The technological approach to OFDI has been described in detail previously [20]. Briefly, 
the system used in this study consisted of a 40 kHz wavelength swept source centered at 
1320nm with a FWHM sweep range of 143 nm [19]. The axial resolution in OFDI is 
determined by the range over which the wavelength is scanned [20], and in the current 
system resulted in an axial resolution of approximately 6 µm in air (theoretical axial 
resolution is 5 µm). Data was acquired and continuously stored in a RAID high-speed 
data storage device at a rate of 85 MS/sec corresponding to a frame rate 9.8 frames/sec 
(frame size: 2048 x 4096). To facilitate volumetric imaging, the TB-OFDI catheter was 
connected to an optical rotary junction and pullback device in the sample arm. 
2.4. TB-OFDI imaging procedure 
 
Fig. 3. Schematic demonstrates the functionality of the TB-OFDI smart needle. (a) The 
TBNA needle is placed in the lung tissue. (b) The OFDI catheter is advanced within the 
needle. (c) The TBNA needle is withdrawn exposing the OFDI catheter for imaging. 
To demonstrate the feasibility and image quality of the TB-OFDI smart needle we imaged 
freshly excised lungs from swine. An endotracheal tube was inserted and inflated in the 
trachea and the lungs were subsequently inflated to a pressure of 20 cmH2O. A 
bronchoscope (1970K, Pentax, Japan) was then inserted into the endotracheal tube and the 
airways were examined. Following identification of a target site, the TBNA needle was 
inserted into the working channel of the bronchoscope and was maneuvered to puncture 
the airway wall and enter the parenchyma, Fig. 3(a). The TBNA stylet was subsequently 
withdrawn and was replaced with the OFDI catheter, Fig. 3(b). The OFDI catheter was 
locked onto the proximal end of the TBNA needle via a luer lock. Once the catheter was 
advanced to the distal end of the needle, the TBNA needle was withdrawn ~1-2 cm to 
expose the OFDI catheter for imaging, Fig. 3(c). Following imaging with the OFDI 
catheter still in place, the TBNA needle was re-advanced over the catheter to the initial 
position, the OFDI catheter was then unlocked and removed from the TBNA needle, and 
an aspirate or core biopsy obtained for diagnosis. This procedure ensures that the TBNA 
needle remains within the target tissue for biopsy acquisition following OFDI imaging. 
3. Results 
3.1. Optical properties 
As was previously mentioned, the purpose of the catheter sheath is to protect the patient 
from the mechanical scanning of the inner core and to ensure that the imaging optics do 
not get contaminated with bodily fluids. The downside, however, is the induced 
astigmatism by the encasing cylindrical shaped sheath. In an OCT needle developed by 
Wu et al., the authors reduced the astigmatism of their 25-guage probe by filling the inner 
portion of the needle with index matching fluid and by polishing the outer cylindrical 
glass surface flat [16]. This solution nicely eliminated the astigmatism of the OCT beam 
at the focal position in the authors’ rigid needle probe design, however this solution is not 
feasible in our flexible catheter design due to the presence of the protective sheath. Rather  
a  b  c 
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Fig. 4. (a) Output beam diameter of the imaging core (blue and dark cyan) and catheter 
(black and red). (b) and (c) Measured output beam profile of the imaging core, and the 
complete catheter respectively. (d) Measured beam intensity as a function of the distance 
from the surface of the ball lens. White scale bar indicates 50 µm. 
than filling the inner portion of the sheath with index matching fluid to correct for the 
sheath-induced astigmatism, we designed our ball-lens to have an ellipsoid  shape to 
compensate for the astigmatism. This design has an additional advantage in that the 
catheter sheath can be easily replaced between patients thus saving time and cost. To 
measure the effectiveness of astigmatism compensation, we used a CCD beam profiler 
(WinCamD, DataRay Inc.) to measure the beam profile of output beam of the imaging 
core and catheter. The catheter was mounted at an angle to ensure that the optical beam 
emitted from catheter was incident normal to the CCD chip. 
Figure 4(a) shows the plots of experimentally measured beam diameter of both the 
imaging core and the catheter. The catheter beam diameter plot starts at 128 µm which 
takes into account the air gap between the lens surface and the catheter sheath outer 
surface, see Fig. 1(a).  The beam profile of the imaging core at the focal plane is 
elliptically shaped, as shown in Fig. 4(b). The measured x- and y-axis beam diameters are 
28 µm and 19 µm, respectively. Using the ratio of x-axis/y-axis, the astigmatism ratio is 
1.47. The beam emitted from the catheter focuses 307 µm from the lens surface or 179 
µm from the outer edge of the catheter sheath. This value is in agreement with the 
measured working distance between the catheter sheath outer surface and the focal point, 
which is ~160 µm in Fig. 4(d). The beam profile, Fig. 4(c), of the complete OFDI catheter 
at the focus appears circular without significant astigmatism. The measured beam 
diameter in the x-  and y-axis is 23.9 µm and 23 µm respectively. This yields an 
X 
Y 
X 
Y 
a 
b  c  d 
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was approximately 85%. 
3.2. Imaging of ex vivo lung 
 
Fig. 5. Cross-sectional (a) and longitudinal (b) OFDI images of the inflated swine lung 
parenchyma obtained with the TB-OFDI imaging needle. (a) 5.6 mm × 5.6 mm 
circumferential cross-sectional OFDI image of lung parenchyma with clear visualization 
of alveoli. (B) An 8.2mm × 5.6 mm YZ longitudinal reconstruction obtained from the 
location identified in ‘a’ (yellow dashed line). 
To demonstrate the imaging capability of the TB-OFDI imaging probe, we imaged a 
freshly excised swine lung that was inflated to a physiological pressure of 20 cm H2O. 
The lung was air filled to closely match the native in vivo conditions. Imaging of the 
parenchyma was successfully performed at a number of locations chosen throughout the 
tracheobronchial tree including the very peripheral regions of the lung. Figure 5 shows 
OFDI images of the lung parenchyma surrounding the needle in logarithmic gray scale. A 
cross-sectional OFDI image (Fig. 5(a)) and the corresponding longitudinal reslice (Fig. 
5(b)) of the volumetric OFDI data (obtained from the position indicated with a yellow 
dotted line in Fig. 5(a)) demonstrate that the TB-OFDI imaging catheter can clearly 
resolve alveoli (arrows) within the lung parenchyma. 
4. Discussion and Conclusion 
We have developed a flexible, narrow diameter TB-OFDI catheter that is capable of 
acquiring high-resolution OFDI images of the peripheral lung. We have  successfully 
demonstrated the feasibility and usability of the TB-OFDI imaging catheter on freshly 
excised inflated swine lungs. The transbronchial imaging procedure was carried out 
according to standard clinical bronchoscopy TBNA placement procedures. The 
experimental results suggest that TB-OFDI may be a useful tool for investigating and 
potentially increasing the diagnostic yield of peripheral pulmonary lesions. The TB-OFDI 
catheter presented in this manuscript was designed primarily for pulmonary 
transbronchial use. The utility of this needle-based design may however extend to other 
organ systems such as the liver, pancreas, breast, or thyroid. 
Although the current catheter sheath is suitably flexible, there is a small risk that it 
may be damaged or sheared off by the sharp TBNA needle. To mitigate this risk, the inner 
edge of the needle tip was dulled (Fig. 6). It is not clear at this time if dulling the needle 
will compromise the ability to aspirate or obtain core biopsy specimens. Future TB-OFDI 
designs we will investigate the incorporation of rigid hypodermic tubing into the distal 
portion of the driveshaft to overcome this issue without the need to dull the needle tip. 
The current OFDI imaging needle was designed to be side-viewing to provide 
volumetric assessment of the surrounding tissue. A forward-imaging catheter design may 
add value by enabling assessment of the tissue prior to positioning the needle within the 
lesion. This may help to guide needle placement to the target tissue region of interest and 
to avoid major blood vessels thereby reducing blood contamination in the OFDI images. 
Forward-imaging catheters have been developed based on the use of coherent fiber 
bundles [21], paired angled GRIN lenses [22], a GRIN rod [23] and a single-body lensed- 
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Fig. 6. Photograph of 21-gauge TBNA needle with dulled tip. 
fiber design [24], however these catheter designs are difficult to miniaturize while 
simultaneously providing a sufficiently large imaging field of view. 
We believe that the TB-OFDI imaging catheter presented in this manuscript has 
tremendous potential as a complementary tool to act as a smart needle by confirming the 
placement of the TBNA needle within a peripheral pulmonary lesion prior to biopsy. We 
anticipate that the clinical translation of this technology will result in an increase in the 
diagnostic yield of TBNA of peripheral lesions and may in the future be used to provide 
real-time optical diagnosis of the lesion. While the TB-OFDI catheter was designed 
primarily for pulmonary use, the basic design may additionally be useful for other organ 
systems where FNA or core biopsy procedures are routinely performed. 
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